although this is likely an underestimation because of lack of recognition of vertical talus in the neonatal period. Vertical talus is etiologically heterogeneous. Nearly half of all cases occur as an isolated condition, whereas the remaining cases are associated with known genetic 3 and/or neuromuscular conditions, including arthrogryposis and myelomeningocele, and are referred to as "non-isolated." 4 Although the cause of many cases of isolated vertical talus is unknown, there is growing evidence to support a genetic etiology, as >20% of reported cases in some series are familial 5, 6 . Mutations in the HOXD10 7 and GDF5 8 genes have been identified in some patients with isolated vertical talus, with many additional genetic factors remaining unknown. Indeed, primary muscle abnormalities have been found on muscle biopsies in some cases 9 . Although both isolated and non-isolated vertical tali pose treatment challenges, it is generally accepted that non-isolated cases are more rigid and less responsive to treatment 10, 11 . The challenge in treating vertical talus is how to best achieve the desired outcome of a mobile, plantigrade, painfree, and functional foot. Bracing and/or shoe modifications alone do not provide correction and often result in pain and long-term disability 1, 12 . The traditional surgical approach involving extensive soft-tissue release, while effective for gaining initial correction in many cases, is associated with several potential complications, including wound necrosis, osteonecrosis, inadequate correction of the deformity, stiffness of the ankle and subtalar joints, and amputation in extreme cases 2, [13] [14] [15] [16] . A minimally invasive technique for correcting vertical talus that relies primarily on serial casting was introduced almost ten years ago 17, 18 . Multiple centers have reproduced the effectiveness of this technique in achieving initial correction (both radiographically and clinically), while maintaining excellent motion in the foot and ankle, for patients with both isolated and non-isolated vertical talus 10, [19] [20] [21] [22] [23] [24] [25] [26] . In the present study, we compare the long-term outcomes of clinical and radiographic correction, foot function, and foot and ankle flexibility in patients with vertical talus (isolated and non-isolated) treated with either the minimally invasive method 17 or extensive soft-tissue release surgery.
Materials and Methods

A
fter institutional review board approval, we retrospectively reviewed the records of thirty-two consecutive patients (fifty feet) who were treated for congenital vertical talus at a single institution between 1998 and 2007. Inclusion criteria were (1) diagnosis of vertical talus confirmed by a lateral radiograph made with the foot in maximum plantar flexion (Figs. 1-A and 1-B) that demonstrated persistent dislocation of the navicular on the talar head with a talar axis-first metatarsal base angle of >35°, (2) follow-up for a minimum of five years after correction was achieved, and (3) availability of complete pretreatment and post-treatment radiographs. Two patients were lost to follow-up, and two patients did not have the required pretreatment and post-treatment radiographs. One patient was excluded as an outlier on the basis of age at initiation of treatment. The remaining twenty-seven patients were available for analysis. Patients with bilateral involvement had one foot randomly selected for statistical analysis. Patients with isolated vertical talus were also examined separately in a subgroup analysis.
Patient demographics were recorded (Table I) ; fifteen were male and twelve were female. Seventeen patients (twenty-four feet) had a diagnosis of isolated vertical talus (Figs. 2-A and 2-B), and ten patients (eighteen feet) had non-isolated vertical talus (vertical talus occurring in association with a known genetic or neuromuscular condition). Mean age at the start of serial casting was 6.6 months for the minimally invasive group and 15.2 months for the extensive release group. Mean follow-up duration was seven years (range, five to 11.3 years). The choice of treatment method utilized for each patient was based strictly on surgeon preference and not on the severity of the deformity. The senior author utilized the minimally invasive method (sixteen consecutive patients), and the remaining two surgeons utilized an extensive soft-tissue release.
Treatment
The minimally invasive technique has previously been described for treating both isolated and non-isolated vertical talus and consists of serial foot A four-month-old boy with rigid bilateral isolated vertical talus. Preoperative lateral plantar flexion radiographs of the left ( Fig. 1-A) and right ( Fig. 1-B ) feet demonstrate persistent dorsal translation of the forefoot on the hindfoot.
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T 19, 2015 manipulation and casting followed by percutaneous talonavicular joint pinning and percutaneous Achilles tenotomy to correct hindfoot equinus, followed by shoe-and-bar bracing once casting is complete and the pin is removed 17, 18, 27 . All of the isolated vertical tali in this study were reduced with the above treatment protocol. In those non-isolated vertical tali in which serial casting did not result in complete correction, a limited anterior subtalar joint capsulotomy, performed through a 1-cm dorsal skin incision, allowed the placement of an elevator to complete the reduction, which was followed by the treatment outlined above, involving pin fixation and tenotomy of the Achilles tendon. We recommend that surgeons who are first utilizing this technique make the small dorsal skin incision to visualize reduction and aid in pin placement. If the talonavicular joint is reduced under fluoroscopic visualization, capsulotomy is not necessary; if the joint is not reduced, then the surgeon proceeds with a limited capsulotomy as outlined above.
For the patient cohort treated with extensive soft-tissue release surgery, this procedure was performed as a single-stage surgery and included posterior capsulotomy of the ankle and subtalar joints, sectioning of the calcaneofibular ligament, and capsulotomies of the calcaneocuboid and talonavicular joints 28, 29 . Only one patient had release of the talocalcaneal interosseous ligament.
Follow-up Evaluations
Recurrences were defined radiographically as any loss of correction of the talonavicular reduction as measured on the lateral standing foot radiograph. Patients diagnosed radiographically with evidence of recurrence had a corresponding loss of ‡10°of plantar flexion. Radiographs of the feet were made at the time of presentation, immediately postoperatively, and on an annual basis thereafter 30 . Radiographic angles were measured twice by the same examiner three weeks apart, and the mean of the two measurements was recorded. The examiner was blinded with regard to the treatment group and previous measurement results and was not involved in the treatment of any of the patients. The same examiner (14) 7 (10) Non-isolated 6 (10) 4 (8) No. of casts † 1356
measured ankle range of motion of all patients with a handheld goniometer.
At the latest visit, the PODCI (Pediatric Outcomes Data Collection Instrument) questionnaire was completed by the parents or guardian 31 . Both standardized and normative scores were calculated on the basis of published guidelines (http://www.aaos.org/research/outcomes/outcomes_documentation. asp#pedsref). Standardized scores are raw scores reported on the range of 0 to 100, with 100 being the best possible score; interpretation of the standardized score is not consistent among scales because of differences in how the general healthy population scored. To make the scores comparable across various scales, the normative score was calculated on the basis of data from the general healthy population, which has a mean normative score of 50. Thus, a patient scoring >50 is above the mean of the general healthy population.
Statistical Analysis
Preoperative and postoperative limb-specific range of motion and preoperative radiographic measurements were compared for the four combinations of treatment method utilized and presence or absence of an isolated vertical talus using one-way analysis of variance (ANOVA). When the overall model was significant (p < 0.05), least-squares means were used to perform all pairwise between-group comparisons, with particular interest in the comparison between the two treatments for both isolated and non-isolated vertical talus. These pairwise comparisons were adjusted for the performance of multiple comparisons with the Tukey-Kramer method. Within the ANOVA, a statistical contrast was used to test the a priori hypothesis that values for the minimally invasive method were similar to those for the extensive-surgery group, regardless of syndrome. For bilaterally affected patients, one foot was randomly selected for analysis. Each foot was treated as an independent observation. The change in radiographic measurements was compared across groups using analysis of covariance (ANCOVA) in which the value at the latest follow-up was the dependent variable, the four combinations of treatment method and presence or absence of an isolated vertical talus were the independent variables, and the preoperative value was the covariate. Specific between-group comparisons were performed as described above. A subset of PODCI domain scores was compared between patients treated with minimally invasive and extensive surgery, regardless of syndrome, by ANOVA. Because of violations of the assumptions required for Eleven years after correction of the vertical talus, the patient in the previous figures demonstrates neutral alignment of the hindfeet in stance.
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ANOVA, some variables were rank-transformed prior to analysis. The Student t test was used for comparison of subsequent procedures between the minimally invasive and extensive soft-tissue release groups, and between the isolated and non-isolated groups. Data for normally distributed variables are reported as the mean and standard deviation. Variables that were not normally distributed are reported as the median and interquartile range (defined as the difference between the 25th and 75th percentiles). 
Source of Funding
Results
Range of Motion
T he mean postoperative ankle arc of motion was greater in patients treated with the minimally invasive method compared with those treated with extensive soft-tissue release surgery (42.4°versus 12.7°, p < 0.0001) (Table II) . Mean dorsiflexion was 18.5°in the minimally invasive group compared with 5.0°i n the extensive soft-tissue release group (p < 0.0001). Mean plantar flexion was 23.9°in the minimally invasive group compared with 7.7°in the extensive soft-tissue release group (p = 0.0006) (Fig. 3) .
PODCI Scores
Fifteen patients in the minimally invasive group and eight in the extensive soft-tissue release group provided PODCI data. At the latest follow-up, PODCI scores for pain were better in the minimally invasive group (Table III) . The mean normative pain score was 51.0 in the minimally invasive group compared with 34.1 in the extensive soft-tissue release group (p = 0.041). There was no difference between the two groups in the transfer and basic mobility domain. The normative global function domain was higher in the minimally invasive group (48.3) compared with the extensive soft-tissue release group (34.3, p = 0.03).
Radiographic Values
Preoperative radiographic values were similar between the two treatment method groups (p > 0.18 for all variables). The correction of hindfoot valgus (anteroposterior talar axis-first metatarsal base angle) was greater in the minimally invasive group (40.1°versus 27.9°, p = 0.03) (Table  IV) , but this difference did not remain significant when comparing the two groups separately for isolated (p = 0.12) or for non-isolated vertical talus (p = 0.53). The correction of all other radiographic values was similar for both 
treatment method groups (p > 0.1 for all variables) (Figs. 4-A and 4-B).
Isolated Vertical Talus Dorsiflexion was significantly greater in the minimally invasive group (21.1°versus 6.4°, p < 0.0001), as were plantar flexion (30.7°versus 9.3°, p < 0.0001) and total range of motion (51.8°v ersus 15.7°, p < 0.0001). Analysis of the PODCI scores showed that the normative score for global function was significantly higher in the minimally invasive group (52.2 versus 38.6, p = 0.02). Radiographic measures of severity were greater preoperatively in the minimally invasive group, although the amount of correction achieved was the same in both groups for most measures (Table V) . The only exception was that the correction of the anteroposterior talocalcaneal angle was greater in the extensive soft-tissue release group (41.5°versus 30.3°, p = 0.005).
Complications and Subsequent Procedures
In the minimally invasive treatment method group, two patients (three feet) had recurrence of deformity within one year of the initial procedure and were treated with repeat casting and pinning of the talonavicular joint without the need for an extensive soft-tissue release. Another patient developed recurrence that required repeat casting in addition to limited soft-tissue release surgery.
In the extensive soft-tissue release group, one foot required debridement for skin necrosis. An additional three patients (six vertical tali) underwent repeat extensive soft-tissue releases and osseous corrective surgery bilaterally for recurrent deformity (Table VI) .
Discussion
T he minimally invasive method to treat vertical talus was developed to provide an alternative surgical approach so that a more mobile, functional foot could ultimately result 17 . In the current study, we used clinical, radiographic, and functional outcomes to demonstrate the ability to achieve correction using the minimally invasive method for isolated and non-isolated vertical tali and to maintain it at a mean follow-up of seven years.
Furthermore, we were able to show that patients treated with the minimally invasive method had better long-term foot flexibility and pain scores compared with those treated with extensive softtissue release surgery.
Although the minimally invasive method of vertical talus correction is not a nonsurgical approach, in most cases it is joint-sparing, meaning that intracapsular release is not necessary 17 . In some of the more rigid non-isolated vertical tali in which serial casting does not achieve full correction, then a selective capsulotomy of the anterior subtalar joint completes the correction 10 . Following the first description of this minimally invasive method for the treatment of congenital vertical talus 17, 18 , many centers replicated a high success rate for achieving initial clinical and radiographic correction for both isolated and non-isolated vertical tali 10, [19] [20] [21] [22] [23] [24] [25] [26] 32 . However, the follow-up was less than two years in those studies, and none had a comparison cohort treated with traditional surgical techniques.
Perhaps the first attempt at developing a less invasive method of treating vertical talus should be credited to Seimon, who reported on seven patients 33 . Through a dorsal approach, he tenotomized the extensor digitorum longus, peroneus tertius, extensor hallucis longus, and tibialis anterior as well as performed a capsulotomy of the talonavicular joint. Excellent cosmetic results were reported but functional outcomes, 19, 2015 including the ability to dorsiflex toes or ankles, were not described. The advantage of the minimally invasive approach that we utilized in the current study is that it relies on serial casting to gradually stretch the dorsolateral soft tissues so that, unlike with Seimon's approach, tenotomies of the dorsolateral tendons are not necessary and in most cases the talonavicular joint is fully reduced with casting alone. Since Seimon published his original article, there have been no further published studies assessing the efficacy of the technique, to our knowledge. Instead, more extensive softtissue release procedures have been developed 15, 28, [34] [35] [36] . Although good correction can be achieved with these extensive surgical procedures, long-term problems are reported, including stiffness of the ankle and subtalar joints [13] [14] [15] . Patients with clubfoot treated with extensive soft-tissue releases have similar longterm problems, and this recognition contributed to the popularity of the Ponseti method of clubfoot management, whereby intracapsular joint surgery is avoided in the majority of patients 37 . It has, in fact, been hypothesized that the minimization of scar tissue formation in the growing foot achieved with the Ponseti method results in long-term improvement of foot mobility, foot function, and quality of life 37 compared with clubfeet treated with extensive soft-tissue release surgery 38, 39 . On the basis of our findings, the goal of vertical talus treatment should also be to provide correction with the least invasive method possible.
Although recurrences occurred in both the minimally invasive method and the extensive surgery group, two of the three patients in the minimally invasive method group were treated with repeat casting and did not require extensive soft-tissue release, whereas all three patients in the extensive-surgery group with recurrences went on to have more extensive soft-tissue releases and osseous surgical procedures. Applying the principles of the minimally invasive method to treat recurrences is thus effective and can minimize the amount of surgery required with the goal of maintaining mobility.
The results of this study must be interpreted in light of the following limitations. First, our study design is retrospective. It would now be difficult to perform a prospective study, as the minimally invasive method has become the standard of care for initial treatment of vertical talus because of the more favorable short-term results. Second, one patient who was to receive minimally invasive surgery crossed over to the extensive-surgery treatment arm; this patient was analyzed in the original treatment group. Although we are not able to quantify the potential bias that this introduces in our conclusions, we note that this would likely have biased our results against the noninvasive method since the patient was analyzed in that group even though both feet eventually needed more extensive surgery. Third, we did not record subtalar motion. Fourth, the age at the start of treatment differed between the two groups. Finally, as a consequence of the rarity of congenital vertical talus, the number of patients in this study was small. As sample size limitations precluded an examination of the possible interaction between the treatment group and the underlying syndrome and/or neuromuscular condition, we were unable to statistically determine whether the underlying etiology impacts treatment outcomes. However, because vertical talus, like many musculoskeletal disorders, is genetically and etiologically heterogeneous, the underlying cause is likely to affect outcomes, as studies (including ours) suggest 10, 19, 20, 22, 23, 25 .
We hypothesize that by minimizing intracapsular surgery through the minimally invasive treatment method, less scar tissue will be generated in the growing foot, leading to improved foot and ankle mobility. Better motion is thought to lead to superior long-term outcomes with the Ponseti method 37 and is likely the factor also contributing to improved outcomes with the minimally invasive method for vertical talus correction. Longer-term studies are necessary to determine if the improved outcomes are maintained into adulthood. n
